Impairment in the regeneration process is a critical determinant for skeletal muscle wasting in chronic diseases and degenerative muscle disorders. Inflammatory cytokines are known to cause significant muscle wasting , however, their role in myofiber regeneration is less clear. In this study we have investigated the role of tumor necrosis factor-like weak inducer of apoptosis (TWEAK) in skeletal muscle regeneration in vivo. Our results show that expression levels of TWEAK and its receptor Fn14 are significantly increased in skeletal muscles of mice after injury. Genetic deletion of TWEAK increased the fiber crosssectional area and levels of embryonic isoform of myosin heavy chain in regenerating tibial anterior muscle. Conversely , muscle-specific transgenic overexpression of TWEAK reduced the fiber cross-sectional area and levels of the embryonic myosin heavy chain in regenerating muscle. TWEAK induced the expression of several inflammatory molecules and increased interstitial fibrosis in regenerating muscle. Genetic ablation of TWEAK suppressed, whereas overexpression of TWEAK increased, the activation of nuclear factor-kappa B without affecting the activation of Akt or p38 kinase in regenerating myofibers. Primary myoblasts from TWEAK-null mice showed enhanced differentiation in vitro, whereas myoblasts from TWEAK-Tg mice showed reduced differentiation compared with wild-type mice. Collectively, our study suggests that TWEAK negatively regulates muscle regeneration and that TWEAK is a potential therapeutic target to enhance skeletal muscle regeneration in vivo. (Am J 
Impairment in the regeneration process is a critical determinant for skeletal muscle wasting in chronic diseases and degenerative muscle disorders. Inflammatory cytokines are known to cause significant muscle wasting , however, their role in myofiber regeneration is less clear. In this study we have investigated the role of tumor necrosis factor-like weak inducer of apoptosis (TWEAK) in skeletal muscle regeneration in vivo. Our results show that expression levels of TWEAK and its receptor Fn14 are significantly increased in skeletal muscles of mice after injury. Genetic deletion of TWEAK increased the fiber crosssectional area and levels of embryonic isoform of myosin heavy chain in regenerating tibial anterior muscle. Conversely , muscle-specific transgenic overexpression of TWEAK reduced the fiber cross-sectional area and levels of the embryonic myosin heavy chain in regenerating muscle. TWEAK induced the expression of several inflammatory molecules and increased interstitial fibrosis in regenerating muscle. Genetic ablation of TWEAK suppressed, whereas overexpression of TWEAK increased, the activation of nuclear factor-kappa B without affecting the activation of Akt or p38 kinase in regenerating myofibers. Primary myoblasts from TWEAK-null mice showed enhanced differentiation in vitro, whereas myoblasts from TWEAK-Tg mice showed reduced differentiation compared with wild-type mice. Collectively, our study suggests that TWEAK negatively regulates muscle regeneration and that TWEAK is a potential therapeutic target to enhance skeletal muscle regeneration in vivo. ( Skeletal muscle has remarkable ability to regenerate in response to both genetic and acquired forms of muscle fiber damage. 1 Injury to skeletal muscle leads to the activation of a population of undifferentiated muscle precursor cells, commonly referred to as satellite cells, which contribute to the repair process and the formation of new myofibers. [1] [2] [3] In normal adult skeletal muscle, satellite cells reside between the plasma membrane and basal lamina in a relatively quiescent, nonproliferative state. 3 Once activated, these cells undergo proliferation and migration to sites of muscle fiber damage. After several rounds of cellular division, these cells exit the cell cycle and differentiate into post-mitotic myotubes, which then evolve into mature adult fibers. 4, 5 Although considerable progress has been made towards understanding the process of skeletal muscle regeneration, [1] [2] [3] 5 the role of various intrinsic and extrinsic signals in muscle regeneration remains poorly understood.
Studies in the recent past have provided strong evidence that several cytokines and chemokines produced by both immune and skeletal muscle cells play a critical role in the acquisition and the maintenance of skeletal muscle mass in vivo. 6 For example, interleukin (IL)Ϫ4 has been found to positively regulate myoblast fusion, regeneration, and growth in vivo. 7 Similarly, interferon-␥ also promotes myofiber regeneration after injury. 8 In contrast, several pro-inflammatory cytokines (such as tumor necrosis factor [TNF]-␣, IL-1␤ and IL-6) while augmenting the proliferation of muscle progenitor cells, inhibit the terminal differentiation/fusion of myoblasts into mature myofibers. 9 -11 Injection of soluble TNF-␣ (henceforth TNF) protein at specific time points during regeneration delayed the appearance of regenerating fibers, without exacerbating fiber death following the initial trauma. 12 Similarly, overexpression of TNF in skeletal muscle has been found to cause significant inhibition of myofiber regeneration following injury. 13 Coincidently, these pro-inflammatory cytokines have also been suggested as the major mediators of skeletal muscle-wasting in chronic diseases. 14, 15 TNF-like weak inducer of apoptosis (TWEAK) is a proinflammatory cytokine belonging to TNF super family ligands. 16 TWEAK is initially synthesized as a type II transmembrane protein, cleaved to its soluble form, and signals as a trimerized molecule. 16 Generally, TWEAK signaling occurs through its binding to Fn14, a type I transmembrane receptor belonging to the TNF receptor super family. 16 However, there are also reports that TWEAK and Fn14 may function independently. [17] [18] [19] We have previously reported that TWEAK inhibits the differentiation of cultured C2C12 or primary myoblasts into multinucleated myotubes. 20 Furthermore, addition of TWEAK to cultured myotubes or its chronic administration in mice causes dramatic loss in skeletal muscle mass. 21 More importantly, we have recently demonstrated that TWEAK-Fn14 dyad hasten the loss of skeletal muscle mass and function in response to denervation. 22 While insufficient myofiber regeneration contributes significantly to skeletal muscle wasting, the role and the mechanisms of action of TWEAK during muscle regeneration in vivo remain unknown.
Skeletal muscle regeneration is governed by coordinated activation of multiple cell signaling pathways. Activation of extracellular signal-regulated kinase and nuclear factor B (NF-B) pathways generally stimulate cell proliferation and coordinately inhibit differentiation, in part by inactivation of MyoD. [23] [24] [25] In contrast, the activation of p38 mitogen-activated protein kinase (MAPK), phosphoinositide 3-kinase/Akt kinase, and NFATc pathways have been found to promote the regeneration and growth of myofibers after injury. 26 -30 While TWEAK has been found to modulate the activity of many of these signaling pathways in cultured myoblasts and myotubes, 20, 21, 31, 32 how TWEAK regulates the activation of various pro-myogenic and antimyogenic signaling pathways during myofiber regeneration in vivo is not yet known.
In this study using TWEAK-knockout (TWEAK-KO) and skeletal muscle specific TWEAK-transgenic (TWEAK-Tg) mice, we have investigated the role and the mechanisms by which TWEAK regulates skeletal muscle regeneration. Our results demonstrate that skeletal muscle regeneration is significantly improved in TWEAK-KO mice and reduced in TWEAK-Tg mice after cardiotoxin (CTX)-mediated injury. Furthermore, our study suggests that TWEAK inhibits myofiber regeneration by stimulating NF-B transcription factor and exacerbating inflammatory response without affecting the activation of either p38 MAPK or Akt pathway.
Materials and Methods

Animals
Generation of transgenic mice expressing full-length TWEAK cDNA under the control of muscle creatine kinase promoter has been described previously. 21 Because TWEAK-Tg mice were generated in B6D2F1 background, these mice were crossed with C57BL/6 mice for 7 to 8 generations before using for this study. TWEAK-KO mice were kindly provided by Dr. Avi Ashkenazi. 33 All of the mice were in the C57BL/6 background and their genotype was determined by PCR from tail DNA. At the age of 8 weeks, 100 l of 10 mol/L cardiotoxin (CTX, CalBiochem) dissolved in PBS was injected into the tibial anterior (TA) muscle to induce necrotic injury. At various time points, TA muscle was collected from euthanized mice for biochemical and histology studies. Experimental protocols with mice were approved in advance by the Institutional Animal Care and Use Committee at University of Louisville.
Primary Myoblast Isolation and Fusion Assays
Satellite cells were isolated from hind limb of 8-week-old mice using a method as described. 34, 35 Briefly, mice were sacrificed and TA, gastrocnemius, and extensor digitorum longus muscles were isolated. Excess connective tissues and fat were cleaned in sterile PBS followed by mincing of skeletal muscle in Dulbecco's Modified Eagle's Medium and enzymatic dissociation with 0.1% pronase. The digested slurry was spun, pelleted, and triturated several times and then passed through 100 mol/L vacuum filter (Steriflip, Millipore). The filtrate was spun at 1000 ϫ g and resuspended in growth medium containing basic fibroblast growth factor (5 ng/ml). Cells were first re-fed after 3 days of initial plating. During first few passages cells were also enriched by pre-plating. After three passages, the medium of the cells was replaced with differentiation medium (2% horse serum in Dulbecco's Modified Eagle's Medium) and after 72 hours the cultures were stained for myosin heavy chain (using MF20 antibody) and 4,6-diamidino-2-phenylindole, as described. 20, 31 We used fusion index as a criterion to measure differentiation of cultured myoblasts. The fusion index calculated was a percentage ratio between the total number of nuclei in the myotubes versus the sum of nuclei in the myotubes and myoblasts.
Indirect Immunofluorescence and Histomorphometric Assays
All experiments involving the evaluation of TWEAK-Tg or TWEAK-KO and control were conducted on at least six mice per group. Cardiotoxin (CTX) or PBS alone injected TA muscle were removed, frozen in isopentane cooled in liquid nitrogen and sectioned in a microtome cryostat. For the assessment of tissue morphology or visualization of fibrosis, 10-m-thick transverse sections of muscles were stained respectively with the H&E and examined under Nikon Eclipse TE 2000-U microscope (Nikon). Fiber cross-sectional area was analyzed in H&E-stained TA muscle sections using Nikon NIS Elements BR 3.00 software (Nikon). For each muscle, the distribution of fiber cross-sectional area (CSA) was calculated by analyzing 200 to 250 myofibers as described. 21, 22 Amount of fibrosis in TA muscle sections was determined using Sirius red staining kit following a protocol suggested by manufacturer (American Master Tech).
For immunohistochemistry study, the sections were blocked in 1% bovine serum albumin in PBS for 1 hour, and incubated with anti-embryonic myosin heavy chain (E-MyHC, 1:50 dilution, Developmental Studies Hybridoma Bank, University of Iowa, Iowa City, IA) in blocking solution at 4°C overnight under humidified conditions. The sections were washed briefly with PBS before incubation with Alexa Fluor 488-conjugated secondary antibody (1:3000, Invitrogen) for 1 hour at room temperature and then washed three times for 30 minutes with PBS. The slides were mounted using fluorescence medium (Vector Laboratories) and visualized at room temperature on Nikon Eclipse TE 2000-U microscope (Nikon), a digital camera (Nikon Digital Sight DS-Fi1), and Nikon NIS Elements BR 3.00 software (Nikon). Image levels were equally adjusted using Abode Photoshop CS2 software (Adobe).
RNA Isolation and Quantitative Real-Time PCR
RNA isolation and quantitative real-time (QRT)-PCR were performed using a method as previously described. 20, 22 Briefly, RNA was extracted from homogenized TA muscle using TRIzol reagent (Invitrogen) and an RNeasy Mini Kit (Qiagen Inc., Valencia, CA) according to the manufacturer's protocol. The quantification of mRNA expression was carried out using the SYBR Green dye method on 7300 Sequence Detection system (Applied Biosystems, Foster City, CA). Purified RNA (1 g) was used to synthesize first strand cDNA by reverse transcription system using Ambion's oligo(dT) primer and Qiagen's Omniscript reverse transcriptase kit. The first strand cDNA reaction (0.5 l) was subjected to real-time PCR amplification using genespecific primers. The sequences of primers for TWEAK, Fn14, myogenin, TNF-␣, IL-␤, IL-6, matrix metalloproteinase (MMP)-9, collagen I-a2, chemokine (C-C motif) ligand (CCL)-2, ␤-actin, and glyceraldehyde-3-phosphate dehydrogenase have been described in our recent publications. 20, 22, 32 Approximately 25 l of reaction volume was used for the real-time PCR assay that consisted of 2ϫ (12.5 l) Brilliant SYBR Green QPCR Master mix (Applied Biosystem), 400 nmol/L of primers (0.5 l each from the stock), 11 l of water, and 0.5 l of template. The thermal conditions consisted of an initial denaturation at 95°C for 10 minutes followed by 40 cycles of denaturation at 95°C for 15 s, annealing and extension at 60°C for 1 minute, and, for a final step, a melting curve of 95°C for 15 s, 60°C for 15 s, and 95°C for 15 s. All reactions were carried out in duplicate to reduce variation. Data normalization was accomplished using the endogenous control (glyceraldehyde-3-phosphate dehydrogenase or ␤-actin), and the normalized values were subjected to a 2
Ϫ⌬⌬Ct formula to calculate the fold change between the control and experimental groups.
Western Blot
Quantitative estimation of specific protein was done by Western blot using a method as previously described. 21 ,36,37 TA muscle were washed with PBS and homogenized in lysis buffer A [50 mmol/L Tris-Cl (pH 8.0), 200 mmol/L NaCl, 50 mmol/L NaF, 1 mmol/L dithiothreitol, 1 mmol/L sodium orthovanadate, 0.3% IGEPAL, and protease inhibitors]. Approximately, 100 g protein was resolved on each lane on 10% SDS-polyacrylamide gel electrophoresis, electrotransferred onto nitrocellulose membrane, and probed using anti-E-MyHC (1:100, Developmental Studies Hybridoma Bank), anti-Fn14 (1:1000, Cell Signaling), antiphospho-Akt (1:500, Cell Signaling, Inc), anti-total Akt (1: 1000, Cell Signaling, Inc), anti-phospho p38 (1:500, Santa Cruz), anti-total p38 (1:1000, Cell Signaling, Inc.), and anti-␣-tubulin (1:2000, Cell Signaling, Inc.) and detected by chemiluminescence.
Electrophoretic Mobility Shift Assay
NF-B activation was analyzed by electrophoretic mobility shift assay (EMSA). Detailed protocol for preparation of nuclear and cytoplasm extracts from skeletal muscle tissues and cultured myotubes and EMSA has been described in detail in our previous publications. 20, 37, 38 In brief, 20 g of nuclear extracts prepared from control or CTX-injected TA muscle or from cultured primary myotubes were incubated with 16 fmol of 32 P end-labeled NF-B consensus oligonucleotide (Promega) at 37°C for 30 minutes, and the DNA-protein complex was resolved on a 7.5% native polyacrylamide gel. The radioactive bands from the dried gel were visualized and quantified by PhosphorImager (GE Health Care) using ImageQuant TL software.
Statistical Analyses
Results are expressed as mean Ϯ SD. Statistical analyses used Student's t-test to compare quantitative data populations with normal distribution and equal variance. A value of P Ͻ 0.05 was considered statistically significant unless otherwise specified.
Results
Expression Levels of TWEAK and Fn14 Are Significantly Increased in Regenerating Muscle Fibers in Vivo
Cardiotoxin (CTX) is a snake venom 39 that selectively injures myofibers but leaves nerves, blood vessels, and satellite cells morphologically intact. 40 CTX is one of the most widely used agents to induce skeletal muscle injury in mice. Before determining the role of TWEAK in skeletal muscle regeneration in vivo, we first investigated how the expression of TWEAK and its receptor Fn14 is affected in skeletal muscle of mice in response to injury. Left side TA muscle of 8-week-old wild-type C57BL6 mice was injected with CTX in PBS, whereas contralateral right side muscle was injected with PBS alone. After 5 days, the mice were euthanized and TA muscle isolated was used to study the expression of TWEAK and Fn14 by QRT-PCR. As shown in Figure 1A , the mRNA levels of both TWEAK and Fn14 were significantly increased in CTX injected TA muscle compared to contralateral control muscle injected with PBS alone. These data are consistent with a previously published report demonstrating increased expression of TWEAK and Fn14 after CTXmediated skeletal muscle injury. 41 We also measured the protein levels of TWEAK in TA muscle extracts using a commercially available enzymelinked immunosorbent assay kit (R&D Systems). The protein levels of TWEAK were significantly increased in CTXinjected TA muscle compared to those injected with PBS alone ( Figure 1B) . Furthermore, Western blot analysis of TA muscle extracts showed increased levels of Fn14 protein in CTX-injected TA muscle ( Figure 1C ). Collectively, these results suggest that both the mRNA and protein levels of TWEAK and Fn14 are significantly increased in regenerating skeletal muscle.
Genetic Ablation of TWEAK Augments Whereas Overexpression of TWEAK Inhibits Myofiber Regeneration
We used TWEAK-KO mice to study the effects of genetic ablation of TWEAK on skeletal muscle regeneration. A previous report has shown that TWEAK-KO mice do not show any overt phenotype; however, a significant increase in the number of natural killer cells in secondary lymphoid organs of TWEAK-KO mice compared with wild-type mice was observed. 33 Our recent analysis of skeletal muscle of TWEAK-KO mice further suggested that there is no difference in skeletal muscle structure between TWEAK-KO and wild-type mice at the age of 3 months. 22 We also used TWEAK-Tg mice which express 4-to 6-fold higher levels of TWEAK in skeletal muscle compared to littermate wild-type mice. 22 We have recently published that TWEAK-Tg mice do not show any muscle phenotype until they were 5 to 6 months old. However, around 6 months of age TWEAK-Tg mice show significant muscle atrophy and fibrosis in skeletal muscle. 22 Since 8-week-old TWEAK-KO or TWEAK-Tg mice did not demonstrate any skeletal muscle phenotype and mice at this age are fully developed, we used 8-week-old mice to evaluate the in vivo role of TWEAK in skeletal muscle regeneration. The TA muscle of TWEAK-KO, and TWEAK-Tg mice and wild-type were injected with CTX and 5, 10, and 21 days post-CTX injection, the muscles were isolated, and analyzed after staining with H&E. Although no noticeable difference was observed at fifth day post CTX injection, differences in fiber size became evident at 10 and 21 days after CTX injection in both TWEAK-KO and TWEAK-Tg compared to wild-type mice. Regenerating myofibers in TWEAK-KO mice at 10 and 21 days appeared larger in size compared to wild-type mice whereas size of regenerating myofibers was considerable reduced in TWEAK-Tg mice compared to corresponding littermate wild-type mice (Figure 2 ).
Quantitative estimation of myofiber diameter 10 days post CTX injection showed that fiber CSA was considerably higher in regenerating TA muscle of TWEAK-KO mice compared to age-matched wild-type mice ( Figure  3A ). In contrast, mean fiber CSA was found to be considerably reduced in TWEAK-Tg mice compared to littermate wild-type mice ( Figure 3B) . Interestingly, the number of myofibers having more than one nucleus was significantly higher in TWEAK-KO mice compared to wildtype mice ( Figure 3C ). Conversely, the count of such myofibers was found to be significantly reduced in TWEAK-Tg mice compared to littermate wild-type mice ( Figure 3C ) suggesting that TWEAK may interfere with the fusion of muscle progenitor cells (ie, satellite cells) with regenerating myofibers.
TWEAK Inhibits the Levels of E-MyHC in Regenerating TA Muscle
To further investigate the role of TWEAK in skeletal muscle regeneration, we measured the protein levels of EMyHC in regenerating TA muscle of TWEAK-KO and TWEAK-Tg mice after CTX injection. Staining of TA muscle sections with anti-EMyHC and subsequent quantitative estimation of fiber CSA showed that the size of the E-MyHC-positive myofibers was considerably higher in TWEAK-KO mice compared to wild-type mice. On the other hand, the size of the E-MyHC-positive myofibers was found to be reduced in TWEAK-Tg compared to littermate wildtype mice ( Figure 4A ) indicating that TWEAK inhibits the growth of regenerating myofibers. We also performed Western blot to quantify the amount of E-MyHC in regenerating TA muscle of TWEAK-KO and TWEAK-Tg mice. Our results showed that the levels of E-MyHC protein were considerably increased in TWEAK-KO and reduced in TWEAK-Tg mice compared to their corresponding control mice (Figures 4 , B and C). Newly formed myofibers express several myogenic regulatory factors including myogenin. We next sought to determine how the expression of myogenin was affected in regenerating TA muscle of TWEAK-Tg and TWEAK-KO mice. In comparison to control mice, the mRNA level of myogenin was found to be significantly increased in TWEAK-KO mice. The transcript levels of myogenin was somewhat reduced in TWEAK-Tg mice, however, it was not significantly different from littermate wild-type mice ( Figure 4D ).
TWEAK Stimulates the Expression of Inflammation-Related Molecules in Regenerating Skeletal Muscle
To understand the mechanisms by which TWEAK inhibits skeletal muscle regeneration, we studied the expressions of several inflammatory molecules which are known to inhibit myogenic differentiation. We have recently reported that the transcript levels of inflammation-related cytokines (eg, TNF, IL-1␤, and IL-6) are comparable in 3-month-old naive TA muscle of control, TWEAK-Tg, and Figure 3 . Quantification of fiber cross section area (CSA) in regenerating TA muscle of TWEAK-KO and TWEAK-Tg mice. H&E-stained TA muscle sections from TWEAK-KO and wild-type and TWEAK-Tg and littermate wild-type mice 10 days post-CTX injections were used to calculate the fiber CSA. A: Data show that fiber CSA was increased in TWEAK-KO (n ϭ 6) compared with wild-type mice (n ϭ 6). B: A reduction in fiber CSA was noticed in TWEAK-Tg mice (n ϭ 6) compared with littermate wild-type mice (n ϭ 6). C: Analysis of H&E-stained TA muscle sections 10 days post-CTX injection showed significantly increased number of myofibers containing more than two central nuclei in TWEAK-KO mice compared with wild-type mice. This count was significantly reduced in TWEAK-Tg mice compared with littermate wild-type mice. n ϭ 6 in each group. *P Ͻ 0.05, values significantly different from wild-type mice.
TWEAK-KO mice. 22 Here, we investigated whether the presence or absence of TWEAK in regenerating myofibers affects the expression of inflammatory molecules. TA muscles were isolated from TWEAK-KO, TWEAK-Tg, and their corresponding control mice 5 days post-CTX injection and processed to study the mRNA levels of inflammatory cytokines (eg, TNF-␣, IL-1␤, IL-6), chemokine (CCL2), and matrix-degrading enzyme (eg, MMP-9) by QRT-PCR assays. Interestingly, the mRNA levels of TNF-␣, IL-6, and CCL-2 (but not IL-1␤ and MMP-9) were significantly reduced in CTX-injected TA muscle of TWEAK-KO mice compared to CTX-injected TA muscle of wild-type mice ( Figure 5A ). Furthermore, the mRNA levels of TNF-␣, IL-1␤, IL-6, CCL-2, and MMP-9 were found to be significantly increased in regenerating TA muscle of TWEAK-Tg compared to that of control mice ( Figure 5B ). These data suggest that TWEAK plays an important role in exacerbating the expression of inflammatory molecules in regenerating myofibers after injury.
TWEAK Augments Interstitial Fibrosis in Regenerating Myofibers
Fibrosis is an important pathological consequence which can limit the regeneration of myofibers after injury. 42 Since TWEAK augmented the expression of a number of inflammatory molecules which are known to induce fibrosis in various organs, we next sought to determine whether the level of fibrosis is affected in regenerating TA muscle of TWEAK-KO, TWEAK-Tg, and corresponding control mice. After 10 days of intramuscular injections of CTX, TA muscle were isolated and the muscle sections prepared were stained with Sirius red dye. As shown in Figure 6A , the level of fibrosis was considerably lower in TWEAK-KO mice compared to that of wild-type mice. In contrast, the extent of fibrosis was found to be increased in CTX-injected TA muscle of TWEAK-Tg mice compared to littermate wild-type mice ( Figure 6A ). We also quantified the extent of fibrosis by measuring the mRNA levels of collagen I-a2, one of the major collagens in skeletal muscle, 22, 43 by QRT-PCR technique. Although the levels of collagen I-a2 were comparable in CTX-injected TA muscle of TWEAK-KO and wild-type mice, a significantly increase in mRNA levels of collagen I-a2 was observed in CTX-injected TA muscle of TWEAK-Tg compared to control mice ( Figure 6B) .
TWEAK Causes the Activation of NF-B Transcription Factor in Regenerating Skeletal Muscle of Mice
To further understand the mechanisms by which TWEAK inhibits skeletal muscle regeneration and causes inflammation and fibrosis, we investigated the activation of Akt, p38 MAPK and NF-B in TA muscle of control, TWEAK-Tg and TWEAK-KO mice after CTX injections. The activation of Akt and p38 MAPK was studied by performing Western blots using antibodies against respective phosphorylated and total protein forms and the DNA-binding activity of NF-B in nuclear extracts was measured by EMSA. The levels of activation of Akt, p38 MAPK, and NF-B were significantly increased in CTX-injected TA muscle compared to those injected with PBS alone. However, there was no noticeable difference in the level of phosphorylation of Akt or p38 MAPK in regenerating TA muscle of control, TWEAK-Tg, or TWEAK-KO mice ( Figure 7A ). Interestingly, the activation of NF-B was found to be increased in regenerating TA muscle of TWEAK-Tg mice compared to control mice ( Figure 7B ). In contrast, the activation of NF-B was dramatically reduced in TWEAK-KO mice compared control mice ( Figure 7B ). Taken together, these results suggest that TWEAK specifically modulates the activation of NF-B in regenerating myofibers of mice.
Genetic Deletion of TWEAK Enhances the Differentiation of Muscle Progenitor Cells into Myotubes in Vitro
We have previous shown that TWEAK receptor Fn14 is essential for the differentiation of myoblasts into myotubes. 31 Similarly, defective myotube formation has been reported in satellite cell cultures from Fn14-knockout mice. 41 We investigated whether TWEAK plays any role in the differentiation of cultured muscle progenitor cells in vitro. Primary myoblasts from hind-limb muscle of control, TWEAK-Tg, and TWEAK-KO mice were isolated, cultured, and differentiated into myotubes by incubation in differentiation medium for 72 hours. Interestingly, the myotube formation was found to be significantly reduced in cultures prepared from TWEAK-Tg and increased in TWEAK-KO compared to control mice ( Figure 8A ). Both fusion index and diameter of myotubes were significantly low in TWEAK-Tg mice and high in TWEAK-KO mice ( Figure 8 , B and C). It is important to note that in TWEAK-Tg mice, TWEAK is expressed using muscle creatine kinase promoter which is not active in undifferentiated myoblasts. Therefore, a reduction in fusion index in TWEAK-Tg cultures suggests that the initial production of TWEAK by differentiated myotubes inhibits the fusion of additional myoblasts to myotubes and hence their growth. These results also suggest that TWEAK by itself is sufficient to inhibit the differentiation of primary myoblasts into myotubes. We also measured the activation of NF-B in cultured myotubes prepared from control, TWEAK-Tg, and TWEAK-KO mice. As shown in Figure  8D , the DNA-binding activity of NF-B was noticeable higher in primary cultures from TWEAK-Tg mice compared to control or TWEAK-KO mice after incubation in differentiation medium for 72 hours. These results further indicate that TWEAK inhibits myogenic differentiation and muscle growth potentially through stimulating the activity of NF-B transcription factor.
Discussion
Skeletal muscle regeneration is multistep process that involves the participation of a number of autocrine and paracrine factors. [1] [2] [3] The inflammatory response which starts within hours of injury and lasts up to 7 days involves accumulation of inflammatory cells such as neutrophils and macrophages which help removing tissue debris through phagocytosis in injured skeletal muscle. 6 These infiltrating phagocytes in injured skeletal muscle are also known to produce a number of cytokines and chemokines which can affect the proliferation and differentiation of satellite cells and may regulate extracellular matrix remodeling. 6 While it is now well-established that the recruitment of macrophages and neutrophils is critical for efficient regeneration of injured muscle, the role of various pro-inflammatory and anti-inflammatory cytokines in skeletal muscle regeneration is less clear. While cell cultures studies have suggested that inflammatory cytokines can modulate both the proliferation and differentiation of myogenic cells, the direct correlation between in vitro and in vivo studies is still lacking. Furthermore, there could also be some redundancy among cytokines regarding their role in skeletal muscle regeneration. This is partly elucidated by studies with TNF. Although TNF strongly affects the survival, proliferation, and differentiation of cultured myoblasts, 9,10 skeletal muscle regeneration was normal in TNF-null mice. 44 TWEAK is a multifunctional cytokine that is produced by a number of cell types including macrophages and skeletal muscle. 16, 22, 45 In addition to inhibiting myogenic differentiation, 20 our recent studies have provided genetic evidence that elevated levels of TWEAK cause muscle atrophy in vivo 21 and the TWEAK-Fn14 system is a major mediator of muscle loss in disuse conditions such as denervation. 22 Our present study demonstrates that the expression of both TWEAK and Fn14 are increased in skeletal muscle and TWEAK is sufficient to inhibit the regeneration and growth of skeletal muscle in vivo. Deletion of TWEAK in mice not only improves the expression of E-MyHC and myogenin (the markers of muscle regeneration), it also increases the fiber CSA of regenerating myofibers (Figures 2, 3, and 4 ). This inference is well supported by studies in TWEAK-Tg mice where a 4-to 6-fold increase in TWEAK levels was sufficient to reduce the levels of E-MyHC and fiber CSA in regenerating myofibers (Figures 2, 3, 4) . Furthermore, our cell culture experiments demonstrating increased differentiation (fusion index) and myotube diameter in primary muscle cell cultures prepared from TWEAK-KO mice and their reduction in primary muscle cultures from TWEAK-Tg mice provide additional evidence that TWEAK inhibits myogenic differentiation and myotube growth (Figure 8 , A, B, and C).
It was interesting to note that genetic deletion or overexpression of TWEAK did not affect the cellular infiltrates in the injured skeletal muscle (Figure 2 ). Our QRT-PCR assays did not show any significant difference in the expression levels of markers for either satellite cells (ie, Pax-7) or macrophages (ie, Mac1 and CD68) at different time points after injection of CTX in skeletal muscle (not depicted) suggesting that TWEAK may not be directly involved in the proliferation of muscle progenitor or inflammatory cells in regenerating tissues. Rather, elevated levels of TWEAK in regenerating muscle exaggerate the expression of inflammatory molecules as supported by our results that the mRNA levels of several pro-inflammatory cytokines such as TNF-␣, IL-1␤, IL-6, and CCL2 were significantly reduced in TWEAK-KO mice ( Figure 5A ) and the expression of all these molecules and a matrix-degrading protease MMP-9 was increased in TWEAK-Tg mice compared to wild-type mice ( Figure 5B ). Furthermore, increased fibrosis in regenerating skeletal muscle of TWEAK-Tg mice and its reduction in TWEAK-KO mice further support our inference that TWEAK causes sustained inflammation leading to fibrosis ( Figure 6 ). Although it is not yet clear whether TWEAK independently augments the fibrosis in regenerating muscle tissues or it does in association with other inflammatory molecules, two independent studies have recently demonstrated that the elevated levels of TWEAK augment fibrosis in skeletal and cardiac muscle of mice. 22, 46 Our results also demonstrate that fiber CSA of regenerating myofibers was higher in TWEAK-KO mice and was reduced in TWEAK-Tg mice (Figure 3, A and B) indicating that TWEAK affects the growth of regenerating myofibers in vivo. Although the exact mechanisms by which TWEAK regulates the size of regenerating myofibers is not clear, two possible scenarios can be discussed. First, it is possible that TWEAK by itself or in association with other inflammatory cytokines, blocks the fusion of satellite cells with regenerating myofibers resulting in reduced differentiation and growth of myofibers. 9, 20 On the other hand, TWEAK may also directly act on regenerating myofibers leading to their reduced mass. Although TWEAK is constitutively expressed in skeletal muscle, its receptor is not expressed in adult muscle. 22 We have recently reported that catabolic conditions such as denervation and immobilization up-regulates the expression of Fn14 in skeletal muscle and subsequent interaction of TWEAK with Fn14 leads to the activation of ubiquitin-proteasome system resulting in atrophy. 22 Since CTX-mediated injury increases the expression of both TWEAK and Fn14 in injured skeletal muscle (Figure  1 ), the interaction of TWEAK to its receptor may lead to the activation of proteolytic pathways resulting in reduced fiber size in regenerating myofibers. Furthermore, increased fibrosis could also potentially block the migration of satellite cells and hence reduced regeneration. A similar study has previously shown that genetic deletion of myostatin in mice improves skeletal muscle regeneration by reducing the extent of fibrosis in injured muscles. 42 Several recent reports have suggested that NF-B transcription factor plays a critical role in regulation of skeletal muscle mass and regeneration. 47 Activation of NF-B causes severe muscle wasting, in part, through the increased expression of muscle-specific E3 ubiquitin ligase MuRF1. 48, 49 Furthermore, activated NF-B inhibits the differentiation of cultured myoblasts into myotubes 11, 50, 51 and blocking NF-B rescues myogenic differentiation in response to pro-inflammatory cytokines including TWEAK. 9, 10, 21 More recently, Mourkioti et al 52 have shown that depletion of IkappaB kinase ␤, an upstream activator of NF-B, improves the regeneration and reduces fibrosis in skeletal muscle after CTX-mediated injury. Our results demonstrate that the level of activation of NF-B is increased in TWEAK-Tg mice and it is inhibited in TWEAK-KO mice ( Figure 7B ). Similar increased activation of NF-B was found in primary muscle cultures from TWEAK-Tg mice ( Figure 8D ). Inhibition of NF-B in regenerating muscle of TWEAK-KO mice is consistent with recently published reports from our group and others that TWEAK is a potent activator of NF-B in skeletal muscle and several other cell types including immune cells which infiltrate skeletal muscle tissue after injury. 16,20 -22,33 Since NF-B is a prominent inflammation-related transcription factor which induces the activation of a number of inflammatory cytokines, chemokines, cell adhesion molecules, and matrix-degrading enzymes, inhibition of NF-B might help limiting the level of inflammation in regenerating skeletal muscle. 52, 53 Indeed, our results show that the expression of several inflammatory molecules which contain consensus NF-B binding sequence in their promoter/enhancer regions 54 is reduced in skeletal muscle of TWEAK-KO mice after CTX-mediated injury ( Figure 5A ). Coincidently, these results are also in agreement with our recently published report demonstrating that TWEAK causes the activation of NF-B in denervated skeletal muscle leading to atrophy. 22 It is also noteworthy that TWEAK did not affect the activation of Akt or p38 MAPK signaling pathways in regenerating skeletal muscle after CTX-mediated injury in vivo ( Figure 7A ). Both Akt and p38 MAPK are known to stimulate myogenesis and we have previously shown that TWEAK affects the activation of both these kinases in cultured myoblasts and/or myotubes. 21, 31, 32 However, it appears that the role of TWEAK in the activation of Akt and p38 MAPK is compensated by other factors and that TWEAK specifically modulates the activation of NF-B in regenerating skeletal muscle.
While our study suggests that TWEAK inhibits skeletal muscle regeneration, previously Girgenrath et al 41 have reported that Fn14-knockout mice exhibit delayed muscle regeneration compared to wild-type mice in response to CTX-mediated injury. Furthermore, primary myoblasts from Fn14-knockout mice demonstrated reduced proliferation and defective myotube formation. 41 In contrast, our results from multiple experiments showed that primary myoblasts from TWEAK-KO mice differentiate better than control mice and the diameter of myotubes was larger than control mice ( Figure 8, A and B) . The reasons for differential effects of deletion of TWEAK and Fn14 in skeletal muscle regeneration and cultured myotubes are not yet clearly understood. However, similar to our results, the expression of some of the inflammatory molecules was found to be reduced in regenerating myofibers of Fn14-knockout mice as well. 41 It is possible that Fn14 functions independent of TWEAK during muscle regeneration. This possibility is also supported by a previous report from us where we showed that the knockdown of Fn14 receptor using RNA interference technique inhibits the expression of myogenic regulatory factors and differentiation of C2C12 and primary myoblasts into myotubes independent of TWEAK. 31 Indeed, there are also other published reports suggesting that in some cell types TWEAK may function independent of Fn14 receptor. [17] [18] [19] Although more investigations are required to understand the differential effects of TWEAK and Fn14 in skeletal muscle regeneration, the results of the present study provide first genetic evidence that TWEAK is a negative regulator of skeletal muscle regeneration and growth in vivo. Blocking TWEAK activity may help improving skeletal muscle regeneration in response to normal life injuries, chronic diseases, and in various muscular disorders such as muscular dystrophy where insufficient muscle regeneration contributes significantly to skeletal muscle loss.
